INTRODUCTION
Recently, there has been an increase in the injection of fluids into subsurface geologic intervals. The fluid injection has led, directly or indirectly, to more measurable seismicity around the injection site (Ellsworth, 2013) . For example, increased seismicity has been observed for injection activities in wastewater disposal (Healy et al., 1968) , CO 2 geosequestration (Sminchak and Gupta, 2003) , geothermal (Majer et al., 2007) , and hydraulic fracturing (Maxwell, 2010) projects. Injection programs are increasingly utilising passive seismic arrays to detect (micro-)seismic events to better understand the processes taking place in the subsurface (Maxwell, 2014) .
One of the goals of acquiring these data is to determine properties of the seismic events such as location, origin time, magnitude, and fracture type and orientation (Dziewonski et al., 1981) . These properties are critical for both evaluating project success and mitigating potential risks. Operators judge success based on, among other parameters, whether the injected fluid stays within the intended geologic interval and whether the interval holds the anticipated fluid volume. Obtaining more accurate locations would provide a more robust assessment of project successes or shortcomings. Risks from injection can include the probability of inducing large earthquakes on nearby faults. Determining the location and orientation of events may explain whether smaller events are occurring along a fault. If this were the case, the injection program can be altered to avoid generating larger earthquakes. Obtaining reliable earthquake properties, however, relies on an accurate model of the physical parameters, particularly the compressional (P-) and shear (S-) wave velocity fields through which seismic waves propagate. Using incorrect velocity models can lead to large errors in the location estimates (Billings et al., 1994 ) that may produce an incorrect assessment of the project.
As a step towards image-domain velocity estimation using passive seismic data, we have extended the passive waveequation imaging conditions (ICs) of Artman et al. (2010) to produce images with non-zero correlations lags. The extended image volumes show sensitivity to both P-and S-wave velocity errors that may be used to update imaging velocity models. The extended image volumes show sensitivity to incorrect imaging velocities and may be used to improve velocity estimates. In this paper we introduce the passive extended ICs and show through synthetic examples the sensitivity to velocity perturbations.
PASSIVE WAVE-EQUATION IMAGING CONDITIONS
Wave-equation imaging is a common tool for active-sourceseismic imaging to create image volumes of the subsurface. Conventional ICs consist of cross-correlating the source and receiver wavefields (Claerbout, 1985) . For active seismic experiments, the time-domain zero-lag IC for a single shot is
where I(x) is the image volume in x={x,y,z}-space, t is time, and W s and W r are the source and receiver wavefields. This IC produces an image of the subsurface by stacking over points where the source and receiver wavefield are spatially and temporally coincident.
SUMMARY
Seismic monitoring at injection sites (e.g., CO 2 sequestration, hydraulic fracturing) has become an increasingly common tool amongst oil and gas producers. The information obtained from these data is often limited to seismic event properties (e.g., location, initiation time, moment tensor), the accuracy of which greatly depends on the assumed or estimated elastic velocity models. However, estimating accurate 3D velocity models from passive array data remains a challenging problem. Extended imaging conditions (eICs) for passive waveequation imaging algorithms represent a key step towards generating -and verifying -elastic velocity models. By extending imaging conditions away from zero-lag in time and space we can better evaluate the focusing of a given event based on the principle that waves focus at zero lag only when the velocity models are "correct". We demonstrate that given an elastic medium and multicomponent recordings, we can propagate and correlate microseismic P-and S-wavefield modes to compute eICs for P-and S-velocity perturbations. We observe that the maximum correlation deviates from the zero-lag in time and space for a P/S cross-correlation imaging condition when using an incorrect P-and/or S-wave velocity, and thus there is sensitivity to velocity error not observable when using individual wavefield components. Artman et al. (2010) developed similar ICs for passive seismic imaging. Passive seismic data, however, record the ambient wavefield and, in the case of microseismic monitoring, earthquake events. The data are reversed in time and propagated from the receiver locations through the model using the wave equation. Because earthquakes are inherently elastic phenomena, the correlations can be constructed from the P-and S-wavefields. Some of the passive ICs for a single seismic event are
where I PP , I SS , I PS are the images constructed by correlating combinations of the P-and S-wavefields, W P , and W S , respectively. Similar to equation 1, the passive ICs in equations 2-4 are constructed by stacking over the correlated wavefields. This will maximally occur at the true source location, given correct velocity models. Note that equations 2 and 3 are autocorrelation ICs and equation 4 is a crosscorrelation IC. In equation 4 we have squared the correlated wavefields as a convenience for interpretation to produce an image that is all positive.
Synthetic example of passive ICs
We created a simple synthetic data set to demonstrate the various imaging conditions. For the forward propagation, a synthetic explosion is set off in the middle of the domain and acoustically propagated through two separate homogenous velocity models representing the background P-and S-wave velocity models. The P-and S-models have velocities of 2.0 km/s and 1.0 km/s, respectively. The data is recorded at each grid cell along the surface of the model. This model ignores true elastic effects and radiation pattern of a real earthquake, but is illustrative of the use of the various imaging conditions.
The synthetic data are then reversed in time and separately imaged with a P-or S-imaging velocity model. For the I PS IC, the wavefields at each time step were saved and correlated from the P-and S-propagations. Figure 1 shows the imaging results using the ICs in equations 2-4 in panels a-c, respectively. The P-and S-wave imaging velocities are the same used for the forward propagation of the synthetic data. All three images produce a maximum focus at the true source location, which we indicate by the white crosshairs. Figure 2 uses the same forward modelled data, but with incorrect imaging velocities. Panels a, b, and c are the I PP , I SS , and I PS ICs, respectively. The P-wave velocity is 10% faster (2.2 km/s) and the S-wave velocity is 10% slower (0.9 km/s) than the respective true velocities. All three images focus at different and incorrect locations.
PASSIVE WAVE-EQUATION EXTENDED IMAGING CONDITIONS
In active-source seismic imaging, extended imaging conditions (eICs) are generated from symmetric correlations lags in time and/or space (e.g., Sava and Vasconcelos, 2011; and references therein) . In the time domain, an active seismic eIC takes the form:
where are the spatial lags and is the time lag. Note that equation 1 is a special case of equation 5 where and . Correlation away from zero-lag is an indication that there is a problem with the image, i.e. the wavefield correlation is maximized at different temporal or spatial points. It is assumed that any focussing away from zero-lag in the extended image volumes is due to inaccurate velocity models. Therefore, the extended images are used for velocity model updating by minimizing non-zero-lag energy in the volume.
We now introduce an analogous extended imaging condition for passive seismic data:
Equation 4 is a special case of equation 6, where λ and . Similar eICs could be produced for equations 2 and 3; however, each always has a maximum at zero-lag because they are auto-correlations. Next we provided simple examples of the passive eICs.
Synthetic example of passive eICs
Figures 3-5 use the same data as those used to generate Figures 1 and 2 . Once again we show the result using the correct velocity and the same incorrect velocities used to produce the images in Figure 2 . Figure 3 shows the depth-plane extracted at the correct source location along the x-axis and at of an extended image volume created with the passive eIC in equation 6. This image uses the correct P-and S-wave imaging velocities. The maximum focus occurs at zero -lag and at the correct depth. Figure 4 is the same plane extracted from the extended image volume generated using the incorrect imaging velocities. As in Figure 2 , the P-wave velocity is 10% too fast and the Swave velocity is 10% too slow. Using incorrect velocities the maximum focus shifts to non-zero -lag and deeper than the true depth. Although there appears to be a depth discrepancy between Figure 4 and Figure 2c there is not. Figure 2c is a slice through Figure 4 at . This line is the same as Figure 2 at x=0.5. Although the maximum at zero-time-lag is above the true source location, the maximum in the extended volume is below and at negative time lag. 
DISCUSION AND CONCLUSIONS
Migration velocity analysis relies on analysis of an image volume for indications of inaccurate velocity. These indicators are then used to produce velocity updates. By extending passive imaging conditions, we generate an image volume containing information about the veracity of the earthquake focus. The images can be extended in both the time and space domain, with both providing indications of poor imaging through foci shifted away from zero-lag. Further work will be done to determine the relative sensitivity for spatial and temporal lags for velocity updating.
While we have shown sensitivity to the velocities, additional work will be undertaken to quantify it for varying P-and Swave velocity perturbations. This will allow us to understand the limitations of the eICs. Finally, the extended images will be used to produce velocity updates for both the P-and Swave models to improve focussing. 
